• Drying of monoammonium phosphate is controlled by internal diffusion • Drying temperature affects the drying rate significantly • Seven thin-layer drying models adjusted well to the experimental data
is the work of Garside et al. [1] . They showed that the transport mechanism was gas-phase diffusion in the pores of the solid material and surface evaporation was non-rate limiting. These results were further corroborated by Hallström and Wimmerstedt [2] .
When external mass transfer resistance is neglected, drying takes place in the falling rate period [1, 2] . Under these circumstances, the moisture is bound internally in the particle and moves up to the surface, where the moisture content is in equilibrium with the hot air. Many empirical and semi-empirical models have been applied in particulate thin-layer drying studies to describe the falling rate period, in which the moisture transport is controlled by internal conditions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Most of them are derived from Fick's second law or from modifications of its simplified forms [13] . Kucuck et al. [13] presented a comprehensive review of thin-layer drying models available in the literature. Based on the assessment they carried out, Page and Modified Page [8] [9] [10] [11] [13] [14] [15] [16] , two-term [3, 8, 11, 16] , Henderson and Pabis [5--9,11,16] , Midilli et al. [3, 4, 6, 8, 11, 16] , Verma et al. [3, 6, 8, 11, 16, 17] and Aghbashlo et al. [6] [7] [8] 11 ] are among the ones that offer better results.
Rotary dryers are the usual choice for drying fertilizers [14, 15, [18] [19] [20] [21] . This sort of dryer provides an intermittent process because the material is periodically exposed to the dry air. Therefore, if the gasparticle contact is somehow improved, a higher productivity is expected. Arruda et al. analysed the performance of a modified rotary dryer, called rotoaerated dryer, in comparison with a conventional apparatus [20] . The modified equipment showed a better performance due to the better gas-particle contact it provides. Arruda performed an experimental drying-kinetics study of a fertilizer in a thin layer and concluded that the best correlation to describe the drying curves was Page's equation [12] . He used temperatures between 61.8 and 95 °C and air velocities between 0.58 and 5.0 m/s. His results were then used in the work of Silva et al. [14] and Arruda et al. [15] , who performed a parametric sensitivity analysis in modelling of fertilizer drying in rotary dryers.
The main goal of this work is to contribute to a more detailed analysis of MAP drying by establishing the drying curves for a tray dryer, thereby characterizing the limiting resistance to drying and the influence of the main process variables, providing the basis for further study and improved dryer designs. The specific objectives of this study are the determination and analysis of MAP fertilizer drying curves, to be described by thin-layer drying-kinetics models not yet applied to fertilizer drying.
MATERIALS AND METHODS

MAP Fertilizer
Experiments were performed with monoammonium phosphate provided by Vale Fertilizantes. The MAP used in the tests was produced in the Piaça-guera industrial complex located in Cubatão, São Paulo, Brazil.
The MAP samples collected from the Vale Fertilizantes plant were collected following granulation, and their properties are shown in Table 1 . The fertilizer samples were selected by sieving: smaller than 2.38 mm and retained on 2.00 mm (average diameter 2.19 mm); smaller than 2.00 mm and retained on 1.40 mm (average diameter 1.70 mm).
Tray dryer
The drying experiments used an Armfield tray dryer (Figure 1 ), installed at the Instituto Mauá de Tecnologia in São Caetano do Sul, São Paulo, Brazil. The dryer has a rectangular cross-section and dimensions of 0.3 m×0.3 m×0.4 m, with a metal sheet 1 mm thick. The wet solids loading capacity is equal to 3 kg, which may be distributed onto three trays in the drying chamber. Air circulation for drying uses an air blower (200/220 V, 125 W) and an electric motor (3000 rpm). The blower is coupled internally to the dryer and pushes air into the tunnel at speeds of 0.3--2.1 m/s. The air speed is varied by means of a frequency inverter. The temperature of the drying air is controlled by an electric potentiometer. The dryer has nine electrical resistors (two of 1000 W and seven of 500 W) located just after the air inlet and arranged in sets of three. The trays are weighed by an analytical balance (Mettler Toledo PB3002-S) that records variations in sample weight during tests. This balance is connected to a computer, and an application is used to register the sample mass values in real time.
Drying experiments MAP samples of approximately 500 g were distributed on three stainless steel trays of the dryer, with a height of 7 mm each. Subsequently, the trays were covered with a sheet of absorbent paper to avoid dispersion of fines during drying. The initial moisture content of the samples was determined by gravimetric method. In each experiment, three initial samples of the material were collected then weighed on an analytical balance and dried at 105 °C for 24 h until constant mass was achieved. After the samples were dried, they were placed in desiccators to be cooled and then their respective masses were determined again, in order to determine the moisture content. The arithmetic average of the moisture content (X) values in the first three samples gave the initial moisture content X 0 , adopted in the experiments.
Before starting the experiments, the dryer was adjusted to the experimental conditions and then left for 30 min to reach steady state. The grain sizes were selected according to the material provided by Vale Fertilizantes. The mass of the material was monitored over time at intervals of 3 min, and drying continued until the curves, representing the asymptote, indicated that the equilibrium moisture content was achieved. To determine the time required to achieve equilibrium, exploratory experiments were conducted. The equilibrium moisture content (X E ) was regarded as the constant moisture content obtained in each run. Table 2 shows the conditions for each experiment. Each of the experiments shown in Table 2 was duplicated to verify the reproducibility of the results. The moisture ratio of the sample was calculated with Eq. (1):
Mathematical modelling
where X, X 0 and X E are instantaneous, initial and equilibrium moisture contents in a dry basis, respectively.
The average moisture ratio values in each experimental condition (MR exp ) were used to find a fifth order polynomial function of moisture ratio predicted values (MR pd ) against time. The derivative of that function with respect to time (t) was used to calculate the drying rate (DR), as shown in Eq. (2):
The experimental drying curves were fitted using the empirical and semi empirical models shown in Table 3 . Hacihafizoglu et al. [3] , who modelled the thin-layer drying of rice, Nascimento et al. [4] , who modelled the drying curves of seeds in a spouted bed, Doymaz et al. [6] , who studied the effect of infrared power on drying kinetics of green bean, and several others [7] [8] [9] [10] [11] 17] , conducted similar studies.
Goodness of fit was evaluated via the coefficient of correlation, R 2 , Eq. (3), reduced chi-square, χ 2 , Eq. 
In these equations, MR exp and MR pd represent the average experimental and predicted values of moisture ratios, respectively. N is the total number of observations and z is the number of constants in the model. The models were fitted by means of non-linear regression, using the Excel Solver tool. The objective of the numerical calculation was to minimize the RMSE value by changing the model constants and coefficients. The lower the χ 2 and RMSE values and the higher the R 2 value, the better the goodness of fit.
RESULTS AND DISCUSSION
When the results of the duplicate experimental series were plotted (see Figure 2 ) all assays showed overlapping curves, thereby confirming the reproducibility of the experimental method. In view of the overlap of the curves under the same experimental conditions, all other curves presented in this paper represent the mean curve obtained from the two experimental series. Figure 3 shows the effect of temperature and particle size on the drying curve. Particle size does not exert significant influence, both at temperatures of 80 and 95 °C and air velocity of 0.50 m/s. Either at 80 or at 95 °C, the drying curves for both particle sizes (1.40-2.00 mm and 2.00-2.38 mm) are virtually superposed.
The type of dryer used in the tests explains the lack of influence of particle size in the drying rate. Although the specific surface area is greater for smaller particles, its effect on the drying rate is irrelevant for a thin-layer static bed such as the one used in this work. If a fluid bed or another type of moving bed were applied, different results could arise.
In contrast to the findings for particle size, temperature significantly affects drying. Figure 3 shows that increasing air temperature favours the removal of moisture. The moisture content decreased much faster at 95 °C than at 80 °C. A 90% reduction of moisture ratio was achieved in approximately 120 min at 95 °C and in approximately 240 min at 80 °C, which is twice as much. The drying rate decreases continuously throughout the drying period. That is a typical behaviour of drying being controlled by internal diffusion. No initial period of the constant drying rate was observed. From Figure 4 , one comes to the same conclusion taken form Figure 3 : the drying rate is not affected by particle size but is strongly affected by temperature. The same kind of positive influence of temperature was shown by Abbasfard et al. [19] , Silva et al. [14] and Arruda [15, 20] . Drying curves obtained by Arruda for superphosphate fertilizer show that the drying rate was clearly influenced by temperatures between 75 and 95 °C [15] . The aforementioned studies also showed that the drying rate was controlled by internal diffusion, corroborating the conclusions of Garside et al. [1] . Arruda [12, 15] and Abbasfard [19] tested different air velocities and have not found any significant influence of that variable on the drying rate.
In order to express the moisture content as a function of drying time, the models shown in Table 3 were fitted to the experimental data. The parameters of the adjusted models are shown in Table 4 . All these models presume a decreasing drying rate throughout the process, which is in accordance with the results showed so far. All the adopted models Figure 5 shows how the predicted MR fitted the experimental MR using the two-term model. The closer the points are to the 45° line, the better the agreement. The residuals are greater for higher moisture ratios. Although the accuracy was always good, the fit for 80 °C and the diameter between 1.40 and 2.00 mm was not so good as in the other conditions, for the residuals are not symmetrically distributed, which means there is a pattern not predicted by the model. 
CONCLUSION
In this study, the drying characteristics of monoammonium phosphate fertilizer were investigated. The findings indicated that the drying process took place in the falling rate period. Temperature significantly influenced the drying rate, whereas particle size showed no influence. A moisture ratio reduction of 90% was obtained twice as fast at 95 °C than at 80 Ključne reči: sušenje, kinetika sušenja, modelovanje sušenja.
